An analytical solution for transient-pressure behavior of an active well near a nonintersecting finite-conductivity fault of infinite length is presented. Flow along and across the fault plane is considered. Type curves in terms of fault skin factor and conductivity are presented for various reservoir mobility and diffusivity ratios on two sides of the fault. Pressure derivatives exhibit a negative unit slope line followed by quarter-slope bilinear flow characteristics for high-fault conductivities. A special method is presented to calculate distance to conductive faults based on a Cartesian plot of pressure derivative vs. reciprocal of shut-in time. Finally, a field pressurebuildup test from a faulted reservoir is analyzed by the model.
Introduction
Many hydrocarbon-bearing reservoirs are faulted, and often little information is available about the actual physical characteristics of the faults. Some faults are known to be sealing and some are nonsealing to migration of hydrocarbons. While sealing faults block fluid and pressure communication with other regions of a reservoir, infinite-conductivity faults act as pressure support sources and allow fluid transfer across and along the fault planes. Finite-conductivity faults fall between these two limiting cases of sealing and totally nonsealing faults, and are believed to include the majority of faulted systems.! Differentiating between sealing, partially sealing, and totally nonsealing faults is a major problem for reservoir engineers, geologists, and geophysicists in petroleum exploitation, development, and production.
A sealing fault is often generated when the throw of the fault plane is such that a permeable stratum on one side of the fault plane is completely juxtaposed against an impermeable stratum on the other side. Another possible explanation is the precipitation and crystallization of minerals within the fault plane before oil migration into a reservoir. 2 On the contrary, a nonsealing fault usually has an insufficient throw to cause a complete separation of producti ve strata on opposite sides of the fault plane. Because of various mechanical and tectonic processes, such as bed deformation, grain crushing, clay smearing, and possible geochemical alterations in or around the faulting zone, the permeability of a fault plane may be different from the permeability of formations adjacent to it. Depending on the permeability of the fault, fluid flow may occur along the fault within the fault plane or just across it laterally from one stratum to another. In general, a finite-conductivity fault exhibits a combined behavior of flow along and across its plane.
Pressure-transient testing offers a possible way to determine the fluid transmissibility of faults. Many models introduced in the literature help characterize faults from pressure-transient tests. The simplest of such models uses the well-known method of images for sealing faults. This approach results in doubling the slope of the straight line on a semilog plot of transient pressure tests. 3 .:.ti Extensions to intersecting or no~intersecting multiple ~ealing fau.lts h~ve also been reported. i -II Cmco-Ley et at. 12 considered the mfimteconductivity-fault (or fracture) case and derived an analytical solution for pressure transients based on the concept of source functions. The first attempt to represent a fault as a partial barrier was introduced by Stewart et 16 analytically modeled the partially communicating faults as a thin skin region in the reservoir according to the concepts of skin presented by van Everdingen 17 and Hurst. 18 The models considered by Stewart, Yaxely, and Ambastha allow for fluid transfer only laterally across the fault planes. These models do not account for fluid flow along the fault plane, which can happen when the permeability of the fault plane is larger than the reservoir permeability surrounding it. This paper presents a general analytical solution for pressure-transient distribution in a reservoir caused by an active well near a nonintersecting finite-conductivity fault. The solution considers flow both along and across the fault plane. The model includes an altered region around the faulting zone and allows for differing reservoir properties on either side of the fault plane to more closely represent actual geological situations when one stratum is juxtaposed against a different stratum. Type curves of pressure-drawdown behavior at an active well in terms of fault conductivity and skin factor are presented. Field pressure-buildup data from a faulted reservoir that exhibit features predicted by the analytical model are analyzed. Fig. 1 shows a schematic of a typical faulting system along with the flow lines in the reservoir and within the fault plane. Fig. 2 represents a simplification of the complex faulting configuration with the appropriate nomenclature for mathematical modeling purposes.
Statement of Problem and Dimensionless Variables
The fault plane is of thickness wf and permeability "I. It is located at a distance dffrom an active well, which produces at a constant rate of qw. There is also an altered zone around the fault with an extent of Wa and permeability of ka. Reservoir properties on the left side of the fault are considered to be different from those on the right side. Allowing for different reservoir properties on two sides of the fault plane would represent geological cases where one stratum is juxtaposed against another stratum with differing properties. The system, however, is considered to be at a uniform initial pressure of Pi. Other customary pressure-transient assumptions,19 such as isothermal flow, fluid with constant but small compressibility, and negligible gravitational effects, are also assumed.
Various dimensionless groups are defined as .
The conductivity and skin factor of the fault are defined as (8) (9) and
Method of Solution
The solution is obtained by dividing the flow domain into the reservoir and the fault flow problems. These two flow problems are solved separately and coupled at the fault plane by preserving continuity of pressure and flux from the two domains. This solution method is similar to the approach previously used to model pressure-transient behavior of finite-conductivity hydraulically fractured wells. 20 The Fault Flow Problem. Because the fault thickness is very small, only linear flow inside the fault plane along the fault is considered. In addition, transient effects within the fault are assumed to diminish at an earlier time and are neglected. There is flow from the right and the \eft side reservoirs into the fault with fluxes of ufR(y,t) and UfL(y.t), respectively. The net flux, uj(y,t), into the fault plane at any location and at any time is the sum of these two fluxes. The net cumulative flux into/from the fault, however, is equal to zero because the fault does not have any fluid storage capacity. Whatever enters the fault plane must also leave it. The details of the mathematical formulation of the fault flow are provided in the supplement. 24 The solution for pressure distribution within the fault is
where ufD is the dimensionless net flux into the fault plane. Other dimensionless terms are defined by Eqs. 1 through 10.
The Reservoir Flow Problem. The reservoir flow problem is considered for two semi-infinite reservoirs at the left side and the right side of the fault plane. There will be two producers at (x = 0, y = 0) and (x = 2df' Y = 0), each with a constant production rate of qw, and a plane source with timeand position-dependent strength of2ufL(y,t). Fig. 3 shows the actual left-side semi-infinite reservoir and the equivalent imaged infinite reservoir. The solution for dimensionless pressure drop in the leftside reservoir is obtained by superposition as follows: 24
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Right-Side Reservoir Model. The semi-infinite reservoir on the right side of the fault is also modeled by imaging the reservoir against the x = df plane. The resulting infinite reservoir will contain only a plane source at x = df with time-and position-dependent strength of 2ufR(y.t). The properties of the infinite reservoir corresponds to those of the right side. Fig. 4 shows the left-side semi-infinite reservoir and the equivalent imaged infinite reservoir. Using the method of superposition for the distributed source system along the x = df ~lane. the dimensionless pressure drop at the right-side reservoir is 4 The coupling ofEqs. 14 and 15, along with the reservoir and fault solutions ofEqs. 11 through 13, provide the flux distributions along the fault. For this purpose, the fault is descritized into I1J elements and the descritized form of the decoupled solutions are used to generate a system of linear equations with 211Junknowns of fluxes at the right and the left side of the fault plane. This system of equations is Fig. 4 -lmaging of the right-side reservoir flow problem.
solved at each time interval and the resulting fluxes are used in Eq. 12 to obtain wellbore pressure. Our investigations showed that an efficient method for the solution of the problem was first to transform the descritized fault and reservoir flow solutions into Laplace space and solve for the flux distributions in Laplace domain. The supplement 24 provides details of the derivations. The resulting equation for the wellbore pressure in Laplace space is where rwD = rw1df Although wellbore storage and well skin are not explicitly included in the model, they can be included by the wellknown convolution scheme in Laplace space. 25 A standard Laplace inversion algorithm, such as the Stehfest routine,26 is used to numerically invert Eq. 16 or its extended form with wellbore storage and well skin.
Results
The analytical solution described in the previous section was used to investigate the basic behavior of the model and to develop drawdown type curves in terms of reservoir and fault parameters. The parameters considered are conductivity and skin factor of the fault plane and contrast in mobility and diffusivity of the reservoirs at two sides of the fault.
Effects of Fault Conductivity. Fig. 5 shows drawdown pressure and pressure-derivative type curves when the skin factor across the fault plane is equal to zero and the reservoir properties on both sides of the fault are the same. Wellbore storage and well skin effects are not included. Several curves as a function of conductivity of the It is seen that for conductivities less than 0.1, the pressure derivative essentially stays on the 0.5 line, indicating that there is no flow along the fault plane and that fluid transfer occurs only across the fault. This happens because a very low conductivity creates a large resistance for flow to occur along the fault, while a zero skin factor creates no resistance for flow across the fault. Therefore, fluid flow is from the right-side reservoir to the left-side reservoir across the fault as though the fault plane does not exist. Eq. 10 shows that a zero value for the fault skin factor can occur when there is no altered region and either the fault permeability is infinitely large or the fault plane is infinitely thin. The corresponding fault conductivities for these two limiting cases are FCD-+ oo as kroo and FCD-+O as wrO. The latter condition basically means that the fault does not exist. Thus, a fault with a zero skin factor and a small conductivity results from a very thin fault plane with an unaltered region around it. Such a fault system will not have any conductivity for flow to occur along it.
For high-conductivity cases, the fault plane initially acts as a linear constant-pressure boundary, and pressure derivative becomes a straight line with a negative unit slope. As time progresses, pressure in the fault plane decreases, fluid enters the fault linearly from the reservoir, moves linearly along it, and exits from the fault plane toward the producing well. This flow characteristic is seen as a quarter-slope straight line bilinear flow on the derivative curves. At later times when transients practically have passed the fault system, the behavior reflects the entire reservoir response and the derivative curves asymptotically reach the 0.5 line again (note that the mobility ratio for this example is unity). It is interesting to note that the pressure-transient behavior for intermediate values of fault conductivity is similar to that from naturally fractured reservoirs. Thus, a single conductive fault can give the appearance of a naturally fractured reservoir on pressure-transient tests.
The quarter-slope straight-line bilinear flow signature, however, is not developed on transient-pressure responses. This is in contrast to pressure-transient behavior of finite-conductivity fractured wells where both pressure and pressure derivative exhibit quarter-slope straight lines parallel to each other. 20 The absence of the bilinear flow signature on pressure responses is attributed to the existence of pseudo skin owing to an incompressible flow region around the well at the time when the effect of the fault is sensed at the well bore. Equations for the bilinear flow regime when there is a contrast in reservoir mobilities at two sides of the fault are 24 Eq. 17 indicates that a Cartesian plot of pressure vs. the fourth root oftime is a straight line with a slope related to conductivity and mobility ratio. This bilinear behavior has been observed previously in field tests. 1 Comparison ofE~s. 17 and IS with the finite-conductivity fractured well solutions 2 ,28 indicate that the fault system behaves as a fractured well with effective conductivity equal to 2F CD( 1M + 1/ 1M) and the fracture having a flow restriction in the vicinity of the wellbore. Effects of Fault Skin Factor. Fig. 7 shows pressure-derivative type curves in the presence of fault skin factor. The reservoir properties are the same everywhere. The effect of skin factor is to create additional resistance to flow across the fault plane for some period of time, resembling a situation similar to a sealing fault for all conductivity values. Pressure derivatives after the onset of the fault effects tend to approach the well-known 3 -6 behavior of doubling of the semi-log straight line slope (derivative group equals 1) for Sf> 100. At larger times when pressure on the left side of the fault becomes low enough to allow for appreciable flow to cross the fault plane, pressure transients propagate through the right-side reservoir and the behavior becomes similar to the sf= ° case. The negative-unitslope line of constant-pressure linear boundary and the quarterslope line of bilinear flow characteristics are developed for high conductivity values, and eventually derivative curves approach the 0.5 level (combined reservoir behavior). A general equation for the constant-pressure linear-boundary-dominated region is developed in the supplement. The pressure-derivative group from that equation shows a negative-unit-slope line behavior on a log-log plot, Previous works 14 .I 6 that have modeled a fault system as a skin zone or as a partially communicating barrier account for only the zero-conductivity cases in Fig. 7 (the behavior above the 0.5 level) . The behavior for FCD>O (below the 0.5 level) is entirely a result of flow along the fault, which is characterized by the conductivity factor in this study.
A semilog plot of dimensionless pressure for two fault skin factors of '0/=0 and sf= 1,000 is shown in Fig. 8 . The figure illustrates that there is a single straight line with a slope of 1.151 at all times for sf= 0 and F CD <0.1. As the conductivity of the fault increases, the pressure response deviates from this semilog straight line and then follows another line parallel to the first straight line. This behavior is similar to the pressure-transient response from naturally fractured reservoirs. Pressure is essentially flat within the testing period for very large conductivity values, indicating constant-pressure boundary effects. On the contrary, for sf= 1,000 and low values of fault conductivity, there is an initial straight line with a slope equal to 1.151, representing the response from the left-side reservoir. Next, the doubling of the slope occurs, indicating a sealing fault behavior. Finally, a third straight line parallel to the initial straight line with a slope equal to 1.151 develops, which represents the combined response from the entire reservoir. If the reservoir mobility ratio is different from unity, the slope of the third straight line would be EtTect of Mobility and DitTusivity Contrast. When properties of the reservoir at two sides of the fault plane are not the same, complexities in addition to fault conductivity and skin effects are introduced. The supplement 24 provides details of these effects. Briefly, the effect of mobility ratio is more pronounced for the lowfault-conductivity cases. For large conductivity values, because fluid may enter the fault and simply travel along the fault plane, pressure derivatives tend to follow the constant-pressure linear ll.1, hrs Fig. 9 -Log-log plot of field pressure-buildup test data.
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boundary characteristic of the negative-unit-slope line for all conductivity values, and eventually reach a level equal to M/(1 + M).
Also, as the mobility ratio approaches zero, the right-side reservoir acts like a pressure support and becomes indistinguishable from a conductive fault. For this case, pressure derivatives follow a negative-unit-slope line for all conductivity values. The contrast in storativity does not significantly alter the transient pressure responses.
Field Example
A I7-hour pressure-buildup test from a heavily faulted carbonate reservoir is shown in Fig. 9 . The corresponding semilog plot is shown in Fig. 10 . These field data demonstrate the effects of both fault skin factor and conductivity, as predicted by the model. The early-time data of up to 0.1 hours exhibit effects of wellbore storage, which mask that portion of the reservoir response that is unaffected by the presence of the fault. Next, the effect of fault skin is seen by an increase in the pressure derivative. Finally, the constant-pressure linear boundary effects are reached after about 2 hours, as seen by almost a negative-unit-slope line. The data after about 13 hours tend to follow one of the bilinear flow stems of the type curves. The duration of the test, however, is not long enough to allow for the bilinear flow characteristic to appear fully on the test response. Table 1 provides the properties of the reservoir and well for this example. Geological considerations indicate that mobility and storativity ratios are equal to unity. Because the duration of the test is short and wellbore storage effects are present, a rigorous type-curve matching was not attempted on this test and only an estimate of the fault skin factor of sf= 20 was obtained from the type curves. Instead, emphasis was placed on specialized analysis methods. The reservoir permeability was estimated to be 6.5 md from the apparent early-time semi log straight line of Fig. 10 (slope = 170 psi per cycle). This permeability value is an underestimate of the actual reservoir permeability because wellbore storage shifts the derivative curve to a higher value. The distance to the fault was estimated from a Cartesian plot of the derivative group vs. reciprocal of shut-in time, as is suggested by Eq. 19 of the negative-unit-slope line. This graph is shown in Fig. 11 . Eq. Using the slope of ms = 250 psi -hr from Fig. 11 , '0/ = 20 from type curves, and k = 6.5 md from the semilog analysis, the distance to the fault is estimated to be 50 ft. Equivalently, ifthe distance to the fault was known, Eq. 20 would have provided the fault skin factor.
Conclusions
1. An analytical solution is developed that describes pressure distribution in a reservoir for a welI near a nonintersecting finite-conductivity fault of infinite length. The solution considers flow both across and within the fault along the fault plane. An altered region around the fault is included, and reservoir properties are allowed to be different on two sides of the fault. 2. Type curves of pressure and pressure derivative as functions of the fault parameters of conductivity and skin factor, and the reservoir parameters of mobility and diffusivity ratios are developed. The parameter of distance to the fault is incorporated in the definition of dimensionless time.
3.The fault skin factor characterizes flow across the fault, while the conductivity describes flow along the fault. Zero conductivities represent leaky or semipermeable faults, which have been previously considered in the literature.
4. Transient behavior initially resembles a sealing fault for large fault skin factors at all conductivities until sufficient flow communication across the fault plane is established.
5. Pressure-derivative type curves follow a negative-unit-slope line for large values of fault conductivities. An equation for this period is presented that may be used to calculate either the distance to the fault or the fault skin factor. A graphical procedure based on a Cartesian plot of the pressure-derivative function vs. reciprocal of test time is proposed to assist in these calculations.
6. Pressure-derivative type curves exhibit a quarter-slope line bilinear flow behavior for high fault conductivities at large times, where the fault acts like a channel. The quarter-slope straight-line pattern does not appear on pressure type curves owing to pseudoskin around the well. An equation for the bilinear flow in terms of fault conductivity and reservoir mobility ratio is derived.
7. Pressure-derivative type curves eventually become horizontal at a level related to reservoir mobility ratio. This behavior could be similar to that of naturally fractured reservoirs for the unit -mobilityratio case. Thus, a single conductive fault can give an appearance of a naturally fractured reservoir on a pressure-transient response.
8. Pressure-buildup data from a faulted reservoir are analyzed by the model of this study to illustrate the applicability of the conductive fault model. The field data exhibit effects of both fault conductivity and fault skin factor. 
